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Abstract 20 

Ocean acidification, a product of increasing atmospheric carbon dioxide, may already have 21 

affected calcified organisms in the coastal zone, such as bivalves and other shellfish.  22 

Understanding species’ responses to climate change requires the context of long-term dynamics.  23 

This can be particularly difficult given the longevity of many important species in contrast to the 24 

relatively rapid onset of environmental changes.  Here, we present a unique archival dataset of 25 

mussel shells from a locale with recent environmental monitoring and historical climate 26 

reconstructions.  We compare shell structure and composition in modern mussels, mussels from 27 

the 1970s, and mussel shells dating back to 1000 to 2420 years BP.  Shell mineralogy has 28 

changed dramatically over the past 15 years, despite evidence for consistent mineral structure in 29 

the California mussel, Mytilus californianus, over the prior 2,500 years.  We present evidence for 30 

increased disorder in the calcium carbonate shells of mussels and greater variability between 31 

individuals.  These changes in the last decade contrast markedly from a background of consistent 32 

shell mineralogy for centuries.  Our results use an archival record of natural specimens to 33 

provide centennial-scale context for altered minerology and variability in shell features as a 34 

response to acidification stress and illustrate the utility of long-term studies and archival records 35 

in global change ecology.  Increased variability between individuals is an emerging pattern in 36 

climate change responses, which may equally expose the vulnerability of organisms and the 37 

potential of populations for resilience.   38 

 39 

Introduction 40 

Current uncertainty regarding organismal responses to ongoing climate changes deals with the 41 

juxtaposed issues of scale and mechanism: laboratory studies enable the isolation of a specific 42 
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stressor, while field studies are necessary to truly understand effects of a stressor in a natural, 43 

often more variable, system.  While field studies also can detect long-term evolutionary or 44 

population dynamics (Hofmann et al., 2010; Pfister et al., 2016), the length of time required to 45 

see a response can be prohibitive.  Organisms that retain growth history records over millennial 46 

timescales and that are relevant to contemporary environmental stressors offer a model to 47 

overcome the challenge of long-term ecological relevance (Cobb et al., 2003; Mann et al., 2008; 48 

Halfar et al., 2013). 49 

 50 

Calcified organisms such as bivalves are predicted to face the greatest challenges under future 51 

ocean acidification (Cooley & Doney, 2009).  Some coastal areas have already experienced large 52 

changes in mean seawater acidity, in some cases equal to or greater than conditions originally 53 

predicted in future ocean scenarios (Wootton et al., 2008; Hofmann et al., 2011; Wootton & 54 

Pfister, 2012; Wahl et al., 2015; Kroeker et al., 2016; Chan et al., 2017).  For example, seawater 55 

pH has declined rapidly in the northeast Pacific over the last 17 years, accompanied by changes 56 

in δ
13

C signatures from mussel shells, which reveal altered inorganic carbon chemistry over 57 

recent decades (Pfister et al., 2011).  58 

 59 

Calcification can be affected by multiple environmental parameters, including pCO2 (Kroeker et 60 

al., 2010; Gazeau et al., 2013; Fitzer et al., 2014; Pfister et al., 2016), temperature (Fitzer et al., 61 

2015), wave exposure (Fox & Coe, 1943), food availability (Coe, 1945; Thomsen & Melzner, 62 

2010; Hahn et al., 2011; Waldbusser et al., 2013), predation pressure (Vermeij, 1976), and their 63 

interacting effects (Melzner et al., 2011; Kroeker et al., 2017).  These calcification responses 64 

include changes in growth rate and overall size (Thomsen & Melzner, 2010), changes in shell 65 
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morphology (Fitzer et al., 2015; Pfister et al., 2016), and mineralogical plasticity (Nash et al., 66 

2012; Pauly et al., 2015).  Mineralogical plasticity has been proposed as a potentially beneficial 67 

adaptive mechanism (Fitzer et al., 2014; Leung et al., 2017) that allows calcified organisms to 68 

continue growth under acidified conditions.  However, ecological and physiological trade-offs 69 

exist between mineralogy, morphology, and mineral strength that can lead to ecological 70 

repercussions of environmentally induced skeletal changes (McCoy & Pfister, 2014; McCoy & 71 

Ragazzola, 2014), and changes in mussel shell shape or thickness may be detrimental to their 72 

survival in natural conditions (Gooding et al., 2009; Fitzer et al., 2015; Pfister et al., 2016).  73 

Laboratory studies have shown mineralogical changes to occur over relatively short timescales 74 

(< 6 months) in both adults and juveniles (Melzner et al., 2011; Fitzer et al., 2014; 2016) and to 75 

be especially important to larval and other early developmental stages (Stumpp et al., 2011; 76 

Waldbusser et al., 2013; Thomsen et al., 2015).  77 

 78 

While specific calcification mechanisms in bivalves remain definitively unknown (Thomsen et 79 

al., 2015), amorphous calcium carbonate, which lacks clear crystallographic structure, has been 80 

suggested as a precursor to calcium carbonate crystals.  Amorphous calcium carbonate is 81 

produced within an intracellular compartment and transported to the site of calcification (Mount 82 

et al., 2004; Weiner & Addadi, 2011), where it can either remain amorphous or crystallize into 83 

aragonite or calcite as dictated by the presence of matrix proteins (Weiss et al., 2002; Jacob et 84 

al., 2008).  The production of costly matrix proteins necessary to complete the calcification 85 

process may be reduced under stress, resulting in longer persistence of amorphous calcium 86 

carbonate (Palmer, 1983; Fitzer et al., 2016). 87 

 88 
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Whether an organism produces aragonite or calcite may also reflect local conditions. Aragonite 89 

is more soluble than the calcite polymorph of calcium carbonate, and therefore at greater risk of 90 

dissolution from elevated pCO2 (Feely et al., 2012).  Under ocean-wide ocean-acidification 91 

conditions predicted to occur by 2001, saturation of aragonite in the surface ocean will decline 92 

faster than that of calcite and cause dissolution of aragonitic shells, such as those of planktonic 93 

pteropods (Orr et al., 2005) and benthic corals and mollusks (Hall-Spencer et al., 2008).  94 

Seawater magnesium concentrations may also mediate how calcium carbonate structures are 95 

made (Ries, 2005). Thermodynamically, aragonite or high-Mg calcite precipitation is favored 96 

when seawater concentrations of Mg are elevated, and calcite precipitation is favored when 97 

seawater Mg concentrations are low (Ries et al., 2008).  A similar mechanism was documented 98 

in typically high-Mg calcite coralline algae, which were more resistant to ocean acidification 99 

when their skeletons included the stable Mg-bearing carbonate dolomite (Nash et al., 2012).  100 

Thus, crystal phase, crystal structure, and carbonate Mg content are all potential causes of 101 

mineralogical variation in response to ocean acidification.  Possible responses include those that 102 

may be beneficial to organisms in the long-term, such as mineralogical shifts to more stable 103 

carbonate polymorphs.  However, other responses may be driven by short-term energetic effects 104 

that will result in weaker or more soluble shells, perhaps conversely to short-term ecological 105 

forces, such as predation.   106 

 107 

The California mussel, Mytilus californianus, ranges from Alaska to Baja California along the 108 

coastline of the eastern Pacific Ocean, which experiences seasonal upwelling of acid seawater 109 

(Feely et al., 2008).  M. californianus lays down an additional region of inner prismatic calcite, a 110 

shell layer which is unique to M. californianus among mussel species worldwide (Dodd, 1964).  111 
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This trait may have evolved in response to long-term local acidification via upwelling in the 112 

California Current System to protect the aragonitic nacreous layer, and it is present in our 113 

midden shell samples dating back to AD 663.  Regardless of its origin, it will likely be 114 

advantageous to M. californianus as ocean pH declines and its surroundings become more 115 

corrosive.  116 

  117 

Previous work has shown that the thickness of annual growth bands within the inner prismatic 118 

layer of M. californianus is reduced by approximately half when comparing modern day 119 

specimens to shells dated to 1000-1340 years BP at Tatoosh Island, WA (Pfister et al., 2016), 120 

suggesting that modern shells may be experiencing stress associated with biomineralization 121 

through time. Here, we present a study of shell structure from the California mussel, M. 122 

californianus, spanning decadal and centennial scales to determine the long-term effects of 123 

changes in ocean carbon chemistry on shell mineralogy in a natural system.  Alterations to 124 

modern shells that would be expected if calcification is increasingly stressful or costly may 125 

include:  a changed crystal structure, increases in the less soluble calcite polymorph, and 126 

increased Mg content in the CaCO3 lattice.  Reduced mineral organization was interpreted as a 127 

possible effect of increased energy load of biomineralization, while increased variability between 128 

shells within a time period suggests environmental stress.  129 

 130 

Materials and Methods 131 

Sample collection and preparation 132 

Mytilus californianus were collected live from Tatoosh Island, WA (48.32° N, 127.74° W) in 133 

spring of 2009, 2011, and 2015 at two sites, N- and SW-facing, on the island.  Adult M. 134 
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californianus from two locations at Sand Point (48.126° N, 124.702° W), Sand Point North and 135 

Yellow Banks, were collected in July and August 2010.  These collections comprise the 136 

‘modern’ sampling effort.  ‘Archival’ shells were collected live from Tatoosh Island in the 1970s 137 

by T. Suchanek from a SW-facing region of the island.  Excavation of Native American middens 138 

from the Makah Tribe (McMillan, 2000), who used Tatoosh Island as a summer camp prior to 139 

the 1800s and historically had a large settlement at Sand Point, provided ‘midden’ valves from 140 

Tatoosh Island through the Makah Cultural and Resource Center, while Sand Point midden 141 

material was provided by the Olympic National Park.  These shells were radiocarbon dated using 142 

shell material from their most recent year of growth, with Tatoosh Island midden shells dated to 143 

1000-1340 years BP in 2010 (Pfister et al., 2011) and Sand Point midden shells dated to 2150-144 

2440 years BP in 2015 (Pfister et al., 2016).  Valves were cross-sectioned along their axis of 145 

maximum growth using a slow-speed saw with a diamond blade to make a 3mm-thick cross 146 

section.  Cross-sections were mounted on glass slides and polished on 800-4000 grit silicon 147 

carbide paper, followed by aluminum oxide (0.3 and 1 µm) and colloidal silica (0.6 µm) 148 

suspensions.  Cross-sections were scanned at high resolution prior to analysis to provide a 149 

sample image map.   150 

 151 

EBSD imaging 152 

Electron backscatter diffraction (EBSD) was performed to image the crystallographic orientation 153 

of shell calcite.  A 20 kV beam voltage was utilized under low vacuum mode (~50 Pa) on an FEI 154 

Quanta 200 F Environmental SEM (University of Glasgow, School of Geographical and Earth 155 

Science), with a stage tilt of 70° to detect backscatter Kikuchi patterns  (Pérez-Huerta et al., 156 

2009).  Scans were conducted within the inner prismatic layer of M. californianus, well outside 157 
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of the beak area (Dodd, 1964) Fig. S1.  In shells HC09006 (modern, collected live in 2009) and 158 

TI09001 (midden, radiocarbon aged to 1170 yBP), full transects were imaged from the outermost 159 

(oldest shell growth) to the innermost (youngest) calcite bands at 0.5 µm resolution.  In shells 160 

HC15003, HC15004, GL15005, GL15007 (modern, 2015), GL09002 (modern, 2009), TS10002, 161 

TS10004 (archival, 1975), TI09001 (midden, 1170 yBP), TI09004 (midden, 1100 yBP), TI09007 162 

(midden, 1060 yBP) and TI09008 (midden, y1050 BP), a section containing one full summer and 163 

winter growth cycle from the middle of the shell (to avoid possible age effects from young or 164 

elderly growth layers) was imaged at 1.1 µm resolution.  Crystallographic orientation maps were 165 

produced using OIM Analysis software v. 7.  166 

 167 

Raman spectroscopy 168 

Transects were taken from the outermost (oldest) to innermost (youngest) calcite bands in all 169 

shells from Tatoosh Island (modern, n=15; archival, n=5, midden, n=7) and Sand Point (modern, 170 

n=10; midden, n=8).  Points were chosen manually at 20x magnification.  Replication of 3-4x 171 

within a growth band was taken at random across samples to test within-sample variability.  172 

Raman spectra were taken using the 785 nm near-infrared laser.  Acquisition time was set to 1.00 173 

s at 100% laser power for 10x accumulations per sample point (Pauly et al., 2015).  Peaks were 174 

identified manually and fit using Wire software v. 4.2.  Analyses were conducted on all samples 175 

from all shells pooled.  Mg-O bond strength was determined from the full width at half peak 176 

maximum (FWHM) of the Raman shift peak centered at ~1089 cm
-1

 and relative Mg 177 

concentrations were determined from the exact position of the peak (Bischoff et al., 1985; Pauly 178 

et al., 2015). 179 

 180 
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Results 181 

Crystallographic orientation 182 

Electron backscatter diffraction (EBSD) provides a qualitative measure of crystallographic 183 

orientation. Comparison of M. californianus shell growth from 1050-1170 AD (midden), the 184 

1970s (archival), 2000s (modern) and 2010s (modern) revealed visually-apparent changes in 185 

crystal orientation and crystal size among shell material deposited in the 2010s compared with all 186 

other time intervals (Fig. 1-4).  Shells from 1050-1170 AD show visual signs of fragility and 187 

light wear, likely from the degradation of the organic matrix that sheaths the calcium carbonate 188 

crystals during their ~1,000 years spent in middens.  However, these midden shells provide a 189 

clear record of calcite crystal organization and uniformity of crystal orientation, as does shell 190 

material deposited in the 1970s and 2000s (Fig. 1-3).  Shell material from the 2010s (collected in 191 

2015) documents mosaic patterns of crystal orientation, greater disorder among crystals, smaller 192 

crystal sizes, and possible regions of disorganized or recrystallized calcium carbonate (Fig. 4).   193 

We also observed greater variation in crystal orientation and size between shells in these most 194 

recent samples (Fig. 4). 195 

  196 

Shell Composition and Bond Strength 197 

The low frequency vibrations detected by Raman spectroscopy indicate the elemental 198 

composition and types of bonds present in solid materials. Mg is present as a trace element in all 199 

natural marine carbonates.  The Raman vibrational peak at ~1089 cm
-1

 has been identified as an 200 

Mg-O bond and its location is one of the peaks used to differentiate calcite and aragonite 201 

(Bischoff et al., 1985). Full width at half peak maximum (FWHM) is related to the strength of 202 
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the Mg-O bond, while Raman shift of the ~1089 cm
-1

 peak is a proxy of Mg content of calcite 203 

(Pauly et al., 2015).  204 

 205 

Pooled between sites, Tatoosh Island, WA and nearby Sand Point, WA on the mainland, there 206 

was a poor relationship between increases in FWHM and Raman shift on a per sample basis 207 

(a=0.858, r
2
 = 0.238, p=0.405; Fig. 5a).  Mean FWHM increased over time from midden to 208 

modern samples from 4.3 to 4.6 (7%) at Tatoosh Island, and from 4.5 to 4.6 at Sand Point (2%) 209 

(t-test on shell means; TI: t15=5.46, p<0.001, SP: t9=1.38, p=0.198), marking a temporal decline 210 

in Mg-O bond strength (Fig. 5a).  Mean Raman shift increased at Tatoosh from 1086.75 to 211 

1086.89 cm
-1

, indicating increasing Mg concentration, but declined at Sand Point from 1086.85 212 

to 1086.72 cm
-1

, indicating a decline in Mg concentration (t-test on shell means; TI: t16=5.67, 213 

p<0.001, SP: t9=-3.02, p=0.014; Fig. 5a).  Archival (1970s) and modern (1990s, 2000s, 2010s) 214 

samples did not differ in FWHM (t-test on shell means; archival mean 4.55, modern mean 4.61 215 

cm
-1

; TI: t16=0.899, p=0.383) or in Raman shift (t-test on shell means; archival mean 1086.87, 216 

modern mean 1086.89 cm
-1

; TI: t17=0.850, p=0.407).  Raman shift increased with ontogeny 217 

within each shell at both sites (linear mixed-effects model with individual shell as a random 218 

effect, individual age as a fixed effect; TI: coeff.=0.0064, p<0.001, number of meas.=615, 219 

number of shells =27; SP: coeff.=0.0156, p<0.001, number of meas.=174, number of shells =18; 220 

Fig. S8, S9) but FWHM showed no significant ontogenetic trend (linear mixed-effects model 221 

with individual shell as a random effect, individual age as a fixed effect; TI: coeff.=0.0019, 222 

p=0.426, number of meas.=615, number of shells =27; SP: coeff.=0.0055, p=0.251, number of 223 

meas.=174, number of shells =18; Fig. S8, S9).  224 

 225 
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Increased variability in shell structure over time 226 

Overall, variance in both bond strength and Mg content between individuals increased in modern 227 

samples.  Standard deviation (SD) in FWHM increased from 0.19 to 0.35 (34%) at Sand Point 228 

(F6,14=32.3, p=0.004) but did not show a significant change at Tatoosh Island, despite a 25% 229 

increase from 0.24 to 0.30 (F6,14=2.82, p=0.210).  SD in Raman shift increased from 0.112 to 230 

0.162 (144%) at Tatoosh Island (F6,14=32.3, p=0.004) and from 0.058 to 0.281 (484%) at Sand 231 

Point (F7,9=38.4, p<0.001) between midden and modern shells (Fig. 5b). The increased 232 

variability in M. californianus Mg-O bond strength is not fully explained by the variability in Mg 233 

content (Fig. 5b; linear model r
2
 = 0.72, p=0.068).  234 

 235 

Discussion236 

Measures of qualitative and quantitative shell traits over multiple adult individuals at two nearby 237 

sites allow for the robust detection of trends over time in a natural system and for measurement 238 

of inter-individual variability in those traits.  Increased trait variability corresponds to an 239 

expectation of greater phenotypic plasticity under increased environmental stress.  Trait values, 240 

including shell mineralogy, lead to fitness trade-offs (i.e. metabolic energy used to biomineralize, 241 

shell thickness to withstand predation or disturbance, growth rates), which may lead to selection 242 

for plastic developmental traits in unpredictable environments (Stearns, 1989).  Similarly, 243 

stressful environments can select for genotypes that produce adaptive, reversible, plastic 244 

phenotypes (Gabriel, 2005).    245 

 246 

Mg-O bond strength variability typically indicates increased positional disorder, or rotation of 247 

the CO3
2-

 molecule out of the basal plane (Bischoff et al., 1985).  This substantial increase in 248 
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variability in Mg-O and Mg content in modern samples is also reflected in the significant, yet 249 

irregular, trends we observe in both metrics, and likely drives the inconsistency in directional 250 

change over time. This interpretation is compatible with our EBSD data, which shows increased 251 

variability in the orientation of CaCO3 crystal units (changes in color, Fig. 1-4) and decreased 252 

crystal size.   253 

 254 

Our EBSD data for M. californianus are consistent with observations in M. edulis (Fitzer et al., 255 

2016), which also displayed reduced control over crystallographic orientation of calcite under 256 

experimental ocean acidification of 1000 µatm pCO2, similar to acidification conditions reported 257 

in the present day at Tatoosh Island (Wootton & Pfister, 2012) and in other coastal systems 258 

(Hofmann et al., 2011; Wahl et al., 2015).  In M. edulis, increased crystallographic variability 259 

has been attributed to an increase in amorphous calcium carbonate in both aragonitic and calcitic 260 

crystal phases (Fitzer et al., 2016).  Raman data, however, suggest that M. californianus 261 

predominantly continues to precipitate calcite crystals.  EBSD scans show that those crystals 262 

become increasingly disorganized and fine-grained in our most recent 2015 samples.   263 

 264 

This decadal and centennial time series of shells enabled us to study population-scale responses 265 

to ‘natural’ acidification over time.  Yet, the rapid onset of the severity of recent pH excursions 266 

suggested by δ
13

C concentrations from these same shells (Pfister et al., 2011) relative to the 267 

length of our record suggests that adaptation or acclimatization in subsequent generations to 268 

these most recent changes may still be forthcoming. Our study used only adult M. californianus, 269 

a long-lived species relative to its congeners.  It is noteworthy that M. edulis juveniles spawned 270 
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from parents living in experimental acidified conditions grew shells containing only calcite, in 271 

contrast to the bimineralic (aragonitic and calcitic) shells of their parents (Fitzer et al., 2014).  272 

 273 

Other, aragonite-containing Mytilus species have shown a diversity of responses to changes in 274 

seawater carbonate chemistry, including decreased size and shell thickness during larval stages, 275 

decreases in shell density, shell dissolution, and weakened byssal threads (Thomsen et al., 2010; 276 

Gaylord et al., 2011; O’Donnell et al., 2013; Fitzer et al., 2014; 2015; 2016).  M. californianus 277 

shell mineralogy should be more resistant to ocean acidification compared with other bivalves 278 

because it is the only mussel to lay down calcite instead of aragonite in its inner shell layer 279 

(Dodd, 1964), which is exposed to ambient seawater when mussels are feeding at high tide.  This 280 

trait may explain its ability to continue biomineralizing under reduced pH conditions.   281 

 282 

Because M. californianus is almost exclusively found in the already-acidic California current 283 

system, its inner prismatic calcite layer may represent a plastic or evolutionary response to long-284 

term acidification stress in this region, over hundreds or possibly thousands of years.  EBSD 285 

scans spanning all growth layers of midden shells indicate that M. californianus has grown a 286 

calcitic inner prismatic layer for at least 1,000 years.  However, the inner prismatic calcite layer 287 

in M. californianus has thinned by half (Pfister et al., 2016), despite changing seawater carbon 288 

chemistry over the same interval (Pfister et al., 2011).  Thus, the number of deleterious effects of 289 

ocean acidification demonstrated for M. californianus suggests that it is still vulnerable to ocean 290 

acidification effects, including ad-hoc biomineralization as acidification continues.  Together 291 

with possible niche constriction as its upper elevational limit becomes restricted by increasing 292 

temperatures (Harley, 2011), this forms an alarming prognosis for the future of M. californianus, 293 
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a foundational species that supports hundreds of associated organisms in its bed structure 294 

(Suchanek, 1992).    295 

 296 

Our results reveal increased disorder in the calcium carbonate shells of the California mussel, M. 297 

californianus, as a result of increased acidification.  Shell mineralogy has altered dramatically 298 

over the past 15 years, despite evidence for 2,500 years of consistent mineral structure in the 299 

calcitic inner prismatic layer.  Increased shell structure variability, in particular, has emerged as a 300 

primary response to acidification stress in shell formation in adult M. californianus, despite an 301 

expectation of increased resistance to acidification based on the shell mineralogy of this Mytilus 302 

species.  Increased variability is a theme that has emerged over terrestrial and marine climate 303 

change responses at the broadest scale (Inouye, 2008; Kroeker et al., 2010; Ovaskainen & 304 

Skorokhodova, 2013; CaraDonna et al., 2014), reflecting differential fragilities and trade-offs 305 

that may affect survival between genotypes, populations, or microhabitats.  While increases in 306 

variability reveal the vulnerability of organisms to environmental changes, they may also 307 

indicate potential for resilience or recovery.      308 
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Figure legends 474 

Figure 1.  EBSD analysis of midden mussel shells from 1060-1170 AD showing calcite 475 

crystallographic orientation map in reference to the {0001} plane, according to color key.  EBSD 476 

scans centered on a summer growth band from the center of the shell record (middle-age of 477 

individual), with most recent shell material at the bottom. Winter bands identified by horizontal 478 

bands of condensed crystal sizes and higher relative concentration of organic matter, revealed by 479 

black areas in the absence of crystal backscatter.  A) Shell TI09001, aged 1170 yBP, scale bar 60 480 

µm; B) Shell TI09004, aged 1100 yBP, scale bar 60 µm; C) Shell TI09007, aged 1060 yBP, 481 

scale bar 60 µm.  Refer to Fig. S2 for an illustration of crystal orientation. Fig. S3 shows a full 482 

transect of shell TI09001. Fig. S4 shows additional scans of shell TI09007. These scans reveal 483 

similar crystallographic orientation as that visible in shells from the 1970s and 2000s (Fig. 2,3), 484 

with some evidence of shell fragility likely caused by ~1,000 years spent in middens.   485 

  486 

Figure 2.  EBSD analysis of archival shells collected 1975 (visible growth band ~1970) showing 487 

calcite crystallographic orientation map in reference to the {0001} plane, according to color key.  488 

EBSD scans centered on a summer growth band from the center of the shell record (middle-age 489 

of individual), with most recent shell material at the bottom. Winter bands identified by 490 

horizontal bands of condensed crystal sizes and higher relative concentration of organic matter, 491 

revealed by black areas in the absence of crystal backscatter. A) Shell TS10002, scale bar 60 µm; 492 

B) Shell TS10004, scale bar 60 µm. Refer to Fig. S2 for an illustration of crystal orientation.  493 

These scans and those from modern 2000s shells (Fig. 3) provide reference for typical shell 494 

crystallographic orientation in biogenic calcite.   495 

 496 
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Figure 3.  EBSD analysis of modern 2000s shells collected 2009 (visible growth band ~2004) 497 

showing calcite crystallographic orientation map in reference to the {0001} plane, according to 498 

color key.  EBSD scans centered on a summer growth band from the center of the shell record 499 

(middle-age of individual), with most recent shell material at the bottom. Winter bands identified 500 

by horizontal bands of condensed crystal sizes and higher relative concentration of organic 501 

matter, revealed by black areas in the absence of crystal backscatter.  A) Shell GL09002, scale 502 

bar 60 µm; B) Shell HC09006, scale bar 60 µm. Refer to Fig. S2 for an illustration of crystal 503 

orientation. Fig. S5 shows a full transect of Shell HC09006. These scans and those from archival 504 

1970s shells (Fig. 2) provide reference for typical shell crystallographic orientation in biogenic 505 

calcite.   506 

 507 

Figure 4.  EBSD analysis of modern 2010s shells collected 2015 (visible growth band ~2012) 508 

showing calcite crystallographic orientation map in reference to the {0001} plane, according to 509 

color key.  EBSD scans centered on a summer growth band from the center of the shell record 510 

(middle-age of individual), with most recent shell material at the bottom. Winter bands identified 511 

by horizontal bands of condensed crystal sizes and higher relative concentration of organic 512 

matter, revealed by black areas in the absence of crystal backscatter.  A)  Shell GL15007, scale 513 

bar 60 µm; B) Shell GL15005, scale bar 60 µm; C) Shell HC15003, scale bar 60 µm; and D) 514 

Shell HC15004, scale bar 70 µm.  Refer to Fig. S6 for additional images and to Fig. S2 for an 515 

illustration of crystal orientation.  These shells show distinct areas of amorphous calcium 516 

carbonate, particularly in panels B and C, and suggest variability between individuals.  517 

 518 
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Figure 5.  A) Raman peak full width at half peak maximum (FWHM), indicating Mg-O bond 519 

strength, and Raman shift (cm
-1

), indicating Mg content. B) Standard deviations plotted by site 520 

and era. Overlapping points appear more vivid.   521 
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Figure 1.  EBSD analysis of midden mussel shells from 1060-1170 AD showing calcite crystallographic 
orientation map in reference to the {0001} plane, according to color key.  EBSD scans centered on a 

summer growth band from the center of the shell record (middle-age of individual), with most recent shell 
material at the bottom. Winter bands identified by horizontal bands of condensed crystal sizes and higher 
relative concentration of organic matter, revealed by black areas in the absence of crystal backscatter.  A) 
Shell TI09001, aged 1170 yBP, scale bar 60 m; B) Shell TI09004, aged 1100 yBP, scale bar 60 m; C) Shell 
TI09007, aged 1060 yBP, scale bar 60 m.  Refer to Fig. S2 for an illustration of crystal orientation. Fig. S3 
shows a full transect of shell TI09001. Fig. S4 shows additional scans of shell TI09007. These scans reveal 

similar crystallographic orientation as that visible in shells from the 1970s and 2000s (Fig. 2,3), with some 
evidence of shell fragility likely caused by ~1,000 years spent in middens.    
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Figure 2.  EBSD analysis of archival shells collected 1975 (visible growth band ~1970) showing calcite 
crystallographic orientation map in reference to the {0001} plane, according to color key.  EBSD scans 

centered on a summer growth band from the center of the shell record (middle-age of individual), with most 
recent shell material at the bottom. Winter bands identified by horizontal bands of condensed crystal sizes 
and higher relative concentration of organic matter, revealed by black areas in the absence of crystal 

backscatter. A) Shell TS10002, scale bar 60 m; B) Shell TS10004, scale bar 60 m. Refer to Fig. S2 for an 
illustration of crystal orientation.  These scans and those from modern 2000s shells (Fig. 3) provide 

reference for typical shell crystallographic orientation in biogenic calcite.    
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Figure 3.  EBSD analysis of modern 2000s shells collected 2009 (visible growth band ~2004) showing calcite 
crystallographic orientation map in reference to the {0001} plane, according to color key.  EBSD scans 

centered on a summer growth band from the center of the shell record (middle-age of individual), with most 

recent shell material at the bottom. Winter bands identified by horizontal bands of condensed crystal sizes 
and higher relative concentration of organic matter, revealed by black areas in the absence of crystal 

backscatter.  A) Shell GL09002, scale bar 60 m; B) Shell HC09006, scale bar 60 m. Refer to Fig. S2 for an 
illustration of crystal orientation. Fig. S5 shows a full transect of Shell HC09006. These scans and those from 

archival 1970s shells (Fig. 2) provide reference for typical shell crystallographic orientation in biogenic 
calcite.    
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Figure 4.  EBSD analysis of modern 2010s shells collected 2015 (visible growth band ~2012) showing calcite 
crystallographic orientation map in reference to the {0001} plane, according to color key.  EBSD scans 

centered on a summer growth band from the center of the shell record (middle-age of individual), with most 
recent shell material at the bottom. Winter bands identified by horizontal bands of condensed crystal sizes 

and higher relative concentration of organic matter, revealed by black areas in the absence of crystal 
backscatter.  A)  Shell GL15007, scale bar 60 m; B) Shell GL15005, scale bar 60 m; C) Shell HC15003, scale 
bar 60 m; and D) Shell HC15004, scale bar 70 m.  Refer to Fig. S6 for additional images and to Fig. S2 for 
an illustration of crystal orientation.  These shells show distinct areas of amorphous calcium carbonate, 

particularly in panels B and C, and suggest variability between individuals.  
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Figure 5.  A) Raman peak full width at half peak maximum (FWHM), indicating Mg-O bond strength, and 
Raman shift (cm-1), indicating Mg content. B) Standard deviations plotted by site and era. Overlapping 

points appear more vivid.    
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